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Outer membraneThe genus Borrelia is the cause of the two human diseases: Lyme disease (LD) and relapsing fever (RF). Both
LD and RF Borrelia species are obligate parasites and are dependent on nutrients provided by their hosts. The
ﬁrst step of nutrient uptake across the outer membrane of these Gram-negative bacteria is accomplished by
water-ﬁlled channels, so-called porins. The knowledge of the porin composition in the outer membranes of
the different pathogenic Borrelia species is limited. Only one porin has been described in relapsing fever
spirochetes to date, whereas four porins are known to be present in Lyme disease agents. From these, the
Borrelia burgdorferi outer membrane channel P66 is known to act as an adhesin and was well studied as a
porin. To investigate if P66 porins are expressed and similarly capable of pore formation in other Borrelia
causing Lyme disease or relapsing fever three LD species (B. burgdorferi, B. afzelii, B. garinii) and three RF
species (B. duttonii, B. recurrentis and B. hermsii)were investigated for outer membrane proteins homologous
to P66. A search in current published RF genomes, comprising the ones of B. duttonii, B. recurrentis and B.
hermsii, indicated that they all contained P66 homologues. The P66 homologues of the six Borrelia species
were puriﬁed to homogeneity and their pore-forming abilities as well as the biophysical properties of the
pores were analyzed using the black lipid bilayer assay.d Science, Jacobs University
.: +49 421 200 3151; fax: +49
z).
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The outer membrane of Gram-negative bacteria plays an impor-
tant role in the physiology of these organisms because all nutrients or
antibiotics either hydrophilic or hydrophobic have to cross this
permeability barrier. Hydrophilic solutes smaller than the exclusion
limit speciﬁc for a given Gram-negative bacterium pass the outer
membrane through few membrane-spanning, pore-forming proteins,
so-called porins [1,2]. General diffusion porins form wide water-ﬁlled
channels which sort solutes of different structures preferentially
according to their size. Other porins contain solute speciﬁc binding
sites for classes of solutes [1–4]. The expression of speciﬁc porins may
be important for the physiology of certain bacteria with limited
metabolic capacity including Borrelia [5,6]. Within the genus Borrelia,
the knowledge of the porin composition is different for strains causingLyme disease (LD) and relapsing fever (RF). In terms of porins, the LD
species Borrelia burgdorferi is well-studied, whereas the porins of RF
strains are only poorly understood because only one porin has been
identiﬁed to date [7].
To date, four porins are known in B. burgdorferi: (i) P13 [8,9],
which is not well understood in terms of either structure or function,
(ii) Oms28 [10], whose outer membrane localization, and thus porin
activity, has recently been challenged [11], (iii) an homologue to
Oms38 from RF Borrelia species (Thein et al., unpublished data), and
(iv) P66, which is the object of this study. P66 is a well-studied pore-
forming outer membrane protein present in Lyme disease Borrelia
[12–17]. P66 of B. burgdorferi was shown to form pores in artiﬁcial
membranes with an extremely high single channel conductance of
almost 10 nS in 1 M KCl [13]. Furthermore, P66 acts as an adhesin
which can bind to β3-integrin [14–16]. In addition, the study of P66 is
also of special interest because of the presence of surface-exposed
domains [12,18]. P66 exhibits immunogenic potential [19], which is a
property of great interest for the search for vaccination candidates
against European LD Borrelia.
In contrast to LD species, there are only indications of several pore-
forming activities in outer membrane preparations of RF spirochetes
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Oms38 forms channels in artiﬁcial lipid bilayers with a small single
channel conductance of 80 pS in 1 M KCl [7].
The aim of this work was to investigate if P66-like porins were
present in both LD and RF Borrelia species and to study if these porins
were similarly capable of pore formation in model lipid membranes.
Therefore, P66 homologues of six different species were analyzed.
B. burgdorferi, B. garinii and B. afzelii, chosen to be included in this
work, represent the agents of Lyme disease (LD) throughout the
world. [21]. Three RF species were also selected for this study and
represent the worldwide distribution of this disease: B. duttonii and
B. hermsii are mainly responsible for the tick-borne RF in sub-Saharan
Africa and North America, respectively, [22–24]. B. recurrentis is the
main agent of the louse-borne RF [25]. P66 homologues of these
species were puriﬁed by anion exchange chromatography to
homogeneity and their pore-forming capabilities and properties
were investigated in detail using the black lipid bilayer assay.
2. Material and methods
2.1. Bacterial strains and growth conditions
The strains used in this study were B. burgdorferi B31 (ATCC
35210), B. afzelii PKo [26], B. garinii PBi [27], B. duttonii 1120K3 [28],
B. recurrentis A1 [29] and B. hermsii HS1 (ATCC 35209). Bacteria were
grown in Barbour–Stoenner–Kelly-II (BSKII) medium [30] supple-
mented with 6% rabbit serum for Lyme disease strains and 10% rabbit
serum plus 1.4% gelatine for relapsing fever strains. They were kept at
37 °C until cell density reached approximately 107–108 cells/ml
followed by cell harvesting by centrifugation.
2.2. Isolation of outer membrane proteins and puriﬁcation of the P66
homologues
Outer membrane fractions (OMFs) of the different Borrelia strains
were prepared as described elsewhere [31]. To purify native P66,
approximately 100 ng of OMF was solubilized in 2% (v/v) lauryl
dimethyl amine oxide (LDAO; Sigma) and puriﬁed by fast performance
liquid chromatography (FPLC) on a MonoQ column (GE Healthcare).
The column was ﬁrst washed with 15 ml of 0.4% (v/v) LDAO buffered
with 10 mM Tris–HCl, pH 8.0. Proteins bound to the column were then
eluted using the abovementionedwashing buffer supplementedwith a
0–1 M linear NaCl gradient. Pure P66 proteins were eluted from the
column at a NaCl concentration of about 190 mM.
2.3. SDS-PAGE and immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed according to the Laemmli gel system [32]. FPLC
fractions (100 µl) were precipitated by the protocol of Wessel and
Flügge [33]. Proteins were separated by 12% SDS-PAGE under
denatured conditions (boiled for 10 min in 4× SDS sample buffer
before loading the gel). The gels were silver-stained [34]. Immuno-
blots were performed as described previously [35]. Bound antibodies
were detected using horseradish peroxidase-conjugated anti-rabbit
antibodies (DAKO A/S) and enhanced chemiluminescence reagents
according to the manufacturer's instructions (Amersham Bios-
ciences). The production and use of polyclonal rabbit antiserum
against B. burgdorferi P66 has been described previously [12,36].Fig. 1. Amino acid sequences of P66 from Lyme disease agents (B. burgdorferi, B. afzelii, B.
identical in all six strains are shaded in green, identical amino acids in at least three species ar
41%. P66 of the LD species are 90% identical and the amino acid sequences of the RF species a
for all six species' P66 is marked by an arrowhead [47]. The predicted leader sequence c
congruent in all six P66 species are framed in red and allow the concept that the P66 form2.4. Planar lipid bilayer assays
The methods used for black lipid bilayer experiments have been
described previously [37]. The membranes were formed from a 1% (w/
v) solution of diphytanoyl phosphatidylcholine (PC) (Avanti Polar
Lipids, Alabaster, AL) inn-decane. Theporin-containingprotein fractions
were 1:1 diluted in 1% Genapol (Roth) and added to the aqueous phase
after the membrane had turned black. The membrane current was
measuredwithapair ofAg/AgCl electrodeswith salt bridges switched in
series with a voltage source and a highly sensitive current ampliﬁer
(Keithley 427). The temperature was kept at 20 °C throughout.
Zero-current membrane potential measurements were performed
as described earlier [38,39]. The zero-current membrane potentials
were measured with a high impedance electrometer (Keithley 617).
Voltage-dependence of the porin channels was checked following the
method described elsewhere [40], using membrane potentials in a
range between −100 and +100 mV.
3. Results
3.1. In silico comparison of LD and RF P66
Searches in published genomes of LD and RF Borrelia revealed the
presence of P66 homologues in all species used in this study. The
deduced amino acid sequences from P66 of the Lyme disease species
B. burgdorferi B31, B. afzelii PKo, B. garinii PBi and the relapsing fever
species B. duttonii Ly, B. recurrentis A1 and B. hermsii HS1 were
compared and are shown in Fig. 1 (GenBank accession numbers
NP_212737, YP_710051, YP_073044, NC_011229, NC_011244 and
AAC38306, respectively). Comparison of the amino acid sequences of
P66 from the different LD and RF Borrelia revealed 41% inter-species
identity with highly conserved domains. Whereas P66 of the three LD
species share a sequence identity of 90%, P66 proteins of the three
relapsing fever strainswere identical by67%of their aminoacid sequence.
Strikingly, the P66 sequence identity of B. duttonii and B. recurrentiswas
exceptionally high, reaching an overall identity of 98%.
To get an idea for possible secondary structures within P66,
computational predictions [41] were performed and compared for all
P66 sequences of the six species. The predictions suggested putative
β-sheet regions (Fig. 1, red frames) within all six P66 sequences and
supported the concept of β-barrel proteins with 20 to 22 transmem-
brane β-sheets. This means P66 proteins for all borrelial species could
form β-barrel cylinders as it is known from many outer membrane
porins studied so far [42,43].
3.2. Puriﬁcation and identiﬁcation of the P66 homologues in LD and RF
species
Pure P66 was eluted from the column at a concentration around
190 mM NaCl in the buffer for all borrelian species employed in
this study. SDS-PAGE (12%) clearly demonstrated that the proteins
eluted from the column were puriﬁed to homogeneity and exhibited
a molecular mass of approximately 66 kDa for all LD and RF
strains (Fig. 2A). Western blots with polyclonal antiserum against
B. burgdorferi P66 revealed that the proteins isolated from the LD
species and B. hermsiiwere homologous to P66 (Fig. 2B). Interestingly,
the polyclonal antiserum did not cross-react with the 66 kDa proteins
puriﬁed from the outer membranes of the RF species B. duttonii
and B. recurrentis, even when the Western blots were performed
with high concentrations of OMFs to exclude a protein concentration-garinii) and relapsing fever agents (B. duttonii, B. recurrentis, B. hermsii). Amino acids
e highlighted in yellow. The sequences of all P66 from the six species share an identity of
re 67% identical. The putative N-terminal cleavage site for a potential leader peptidase I
omprises in all cases 21 amino acids. Predicted β-sheet transmembrane regions [41]
a β-barrel cylinder consisting of 20–22 β-sheets.
Fig. 2. SDS-PAGE and immunoblot analysis of puriﬁed P66 homologues. A) SDS-PAGE
analysis of B. burgdorferi (B. b.), B. afzelii (B. a.),B. garinii (B. g.),B. duttonii (B. d.), B. recurrentis
(B. r.) and B. hermsii (B. h.). Anion exchange chromatography-fractions (100 µl) containing
the puriﬁed P66 homologues were separated by 12% SDS-PAGE and silver-stained.
B) Detection of P66 in Lyme disease and relapsing fever spirochetes. Immunoblot analysis
with polyclonal antiserum against B. burgdorferi P66 resulted in clear signals of P66 and its
homologues in the outer membrane fractions of the Lyme disease agents B. burgdorferi
(B. b.), B. afzelii (B. a.), B. garinii (B. g.) and the relapsing fever agent B. hermsii (B. h.).
Immunoblots with OMFs of B. duttonii and B. recurrentis did not show any cross reaction
with the polyclonal antiserum against B. burgdorferi P66. The positions of molecular mass
standards in kilodaltons are shown at the left.
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puriﬁed proteins in artiﬁcial membranes and the study of their pore-
forming activity conﬁrmed the assumption that the puriﬁed proteins
of these two RF species were P66 homologues despite the fact that
there was no cross reactivity with polyclonal antibodies against P66
(see below).
3.3. Single-channel analyses of P66 homologues
Previous studies demonstrated that B. burgdorferi P66 forms pores
with an extremely high single-channel conductance of 9.6 nS in 1 M
KCl [13]. To compare biophysical properties of P66 from LD and RF
Borrelia we performed a detailed characterization of the P66Fig. 3. Single-channel conductance steps observed with diphytanoyl phosphatidylcho-
line/n-decane membranes shown for P66 of three LD species (B. burgdorferi, B. afzelii
and B. garinii) and two RF species (B. duttonii and B. recurrentis). Puriﬁed P66 was added
at a concentration of about 10 ng ml−1 to the membranes bathed in 1 M KCl. The
applied voltage was 20 mV and the temperature was 20 °C throughout.homologues in black lipid bilayer membranes including B. burgdorferi
P66 to employ the same conditions in all the measurements. Fig. 3
shows typical single-channel recordings in a step-like manner caused
by the presence of B. burgdorferi P66 and the homologous proteins
from B. afzelii, B. garinii, B. duttonii and B. recurrentis. All of them were
similarly active and showedwell deﬁned conductance steps following
reconstitution in black lipid bilayers. Interestingly, the P66 homologue
puriﬁed from B. hermsii OMF did not show any pore-forming activity
in the black lipid bilayer assay. Three different samples isolated
independently from different OMFs of B. hermsii were used to purify
the P66 homologue, as well as an alternative isolation method
described previously [20] but none of these pure proteins showed any
pore-forming activity.
The single-channel conductance of the P66 homologues with pore-
forming capability was studied as a function of different KCl concentra-
tions and different electrolytes. The histograms of the current ﬂuctua-
tions of the experiments in 1 M KCl are given in Fig. 4. It is noteworthy
that the ﬁve different P66 species showed all a single-channel
conductance between 7 and 13 nS in 1 M KCl. Only in the case of P66
from B. duttoniiwe found a certain fraction of steps in the rangebetween
2 and 6 nS, which was completely absent for P66 of the other four
Borrelia species. The reason for this is not clear. It is possible; however,
that P66 of B. duttonii has a higher susceptibility towards detergent used
here to solubilize the proteins than the other four P66 species studied
here, which led to a certain fraction of smaller conductance steps. The
results of all single-channel measurements for the different P66
homologues are summarized in Table 1. The average conductance of
the P66pores fromLDandRFBorrelia in 1 MKClwaswithin 9 and 11 nS.
In addition, the single channel conductance was approximately a linear
function of the electrolyte concentration (Table 1), which indicated the
absence of binding sites for ions. Additional information about the
biophysical properties of the P66 pores was obtained from single-
channel experiments with salts such as LiCl and KCH3COO. The results
are also given in Table 1 and suggest that cations and anions with lower
mobility in the aqueous phase have also a lower mobility through the
channel indicated by a smaller single-channel conductance. These
results indicated that all P66 homologues formed wide andwater-ﬁlled
channels without any obvious selectivity for anions or cations.
3.4. Selectivity measurements
Further information about the structure of the different P66 pores
was obtained from zero-current membrane potential measurements in
presence of KCl, LiCl and KCH3COO gradients. Fivefold gradient (100
versus 500 mM), were established across lipid bilayer membranes in
which about 100 to 1000 channels were reconstituted. The measure-
ments in KCl resulted in a small negative asymmetry potential for most
of the P66 porins at the more dilute side of the membranes indicating
very small anion selectivity for most of the porins (see Table 2). The
zero-current potential was somewhat more negative at the dilute side
for LiCl. For ﬁve-fold KCH3COO gradients the asymmetry potential was
slightly positive at the more dilute side indicating small cation
selectivity under these conditions (see Table 2). Taken together the
zero-current membrane potentials reﬂected the mobility of the ions in
the aqueous phase aswas also suggested by the single channel data. The
zero-current membrane potentials were analyzed using the Goldman–
Hodgkin–Katz equation [39,45]. The results are summarized in Table 2
and suggested that the different P66 pores formed indeed wide, water-
ﬁlled channels (see Table 2). The data obtained in this study agree with
previous results obtained for B. burgdorferi P66, which also suggested a
non-selective ion channel [13].
3.5. Voltage-dependence
In a previous study it has beendemonstrated that P66 ofB. burgdorferi
showed voltage-dependent closure [13]. To investigate if the P66
Fig. 4. Histograms of individual single-channel distributions observed for puriﬁed P66 of the LD species B. burgdorferi, B. afzelii, B. garinii and the RF species B. duttonii and
B. recurrentis. For each histogram a total number of at least 100 reconstitutions events of the respective P66 homologues into a diphytanoyl phosphatidylcholine/n-decane
membrane were evaluated. The average single-channel conductance (G) was in the range between 9 and 11 nS. The aqueous phase contained 1 M KCl; the applied voltage was
20 mV and the temperature was 20 °C throughout.
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also voltage dependencemulti-channel experiments were performed.
The channel-forming proteins were added in a concentration of about
500 ng/ml to the cis-side of a black diphytanoyl phosphatidylcholine/
n-decane membrane. After 30 min the conductance had increasedTable 1
Average single-channel conductance of P66 of B. burgdorferi (B. b.), B. afzelii (B. a.),
B. garinii (B. g.), B. duttonii (B. d.) and B. recurrentis (B. r.) in different electrolyte
solutions. Note that B. hermsii (B. h.) P66 did not exhibit any pore-forming activity in
black lipid bilayers.
B. b. B. a. B. g. B. d. B. r. B. h.
Electrolyte Concentration [M]
Ion activity [M]
G (nS)
KCl 0.1 [0.077] 1.3 1.3 1.5 0.8 1.25 n.a.
0.3 [0.204] 3.5 3.5 3.5 2.25 2.75 n.a.
1 [0.6] 11.0 9.0 11.0 9.0 9.5 n.a.
3 [1.68] 30 33 35 20 25 n.a.
LiCl 1 [0.77] 7.3 7.0 8.0 5.0 6.0 n.a.
KCH3COO (pH 7) 1 [0.78] 6.7 6.5 6.5 4.0 5.0 n.a.
The membranes were formed from diphytanoyl phosphatidylcholine dissolved in
n-decane. The single-channel conductance was measured in unbuffered electrolyte
solutions (approx. pH 6 unless otherwise indicated) at 20 mV applied voltage and 20 °C.
The ion activities of the salts at 25 °C are given in brackets [46]. The average single-channel
conductance, G, was calculated from at least 100 single events of the respective P66. n.a.
means not active in the black lipid bilayer assay.considerably and further increase was very slow. The membranes
contained at this stage of the experiment around 100 reconstituted P66
pores, determined by dividing the total conductance of the membranes
by the single-channel conductance of the individual channels. At this
point different voltages were applied to the membrane starting with
±10 mV. Then the experiment was repeated with± 20mV and higher
voltages. Starting with about ±20 to ±40mV a decrease of the mem-
brane current in an exponential manner for some of the P66 pores wasTable 2
Zero-current membrane potentials Vm (given in brackets) and permeability ratios Pc/Pa
of diphytanoyl phosphatidylcholine/n-decane membranes in the presence of different
P66 homologues measured for ﬁve-fold concentration gradients of three different
electrolytes.
B. b. B. a. B. g. B. d. B. r.
Electrolyte Permeability ratios Pc/Pa (Vm [mV])
KCl 0.8 (−3.8) 1.0 (+0.6) 0.8 (−3.5) 0.9 (−1.8) 0.9 (−1.6)
LiCl 0.5 (−11.1) 0.7 (−6.1) 0.5 (−11.3) 0.6 (−9.8) 0.8 (−2.8)
KCH3COO (pH 7) 1.5 (+6.5) 1.2 (+3.2) 1.4 (+5.6) 1.1 (+1.7) 1.2 (+3.5)
Vm is given as the average of the difference between the potential at the diluted side
(100 mM) minus the potential at the concentrated side (500 mM). The aqueous
electrolyte solutions were used unbuffered (pH 6) unless otherwise indicated. The
temperature was 20 °C throughout the experiments.
The permeability ratios Pc/Pa were calculated as the mean from at least three individual
experiments using the Goldman–Hodgin–Katz equation [39].
Fig. 5. Voltage dependence of P66 homologues of different LD and RF species. The ratio
of the conductance, G, at an applied voltage, V, divided by the initial value of the
conductance G0, immediately after the turning-on of the voltage. Highly diluted,
puriﬁed P66 at a concentration of about 10 ng/ml was added to diphytanoyl
phosphatidylcholine/n-decane membranes and after reconstitution of approximately
100 pores the different potentials were applied. The measurements were highly
reproducible and the values in the diagram represent the mean of three measurements
per species. The aqueous phase contained 1 M KCl; the temperature was 20 °C
throughout. The standard deviations (SD) of the data points given in the ﬁgure were the
following: ≤0.02 for measurements with B. burgdorferi, ≤0.03 for measurements with
B. afzelii, ≤0.005 for measurements with B. garinii, ≤0.01 for measurements with
B. duttonii and ≤0.03 for measurements with B. recurrentis.
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The data of the experiments were analyzed in the following way: the
membrane conductance (G) as a function of voltage, Vm, wasmeasured
when the opening and closing of channels reached an equilibrium, i.e.
after the exponential decay of the membrane current following the
voltage stepVm.Gwasdivided by the initial value of the conductanceG0,
(whichwas a linear function of the voltage) obtained immediately after
the onset of the voltage. The data in Fig. 5 corresponded to the
symmetric voltage-dependence of the P66 proteins obtained for the
different LD and RF Borrelia. The data points for each P66 species
represented the mean of three individual experiments. The standard
deviations were calculated to be below or equal to 0.03 for each data
point in the graphs.
Fig. 5 shows that the voltage-dependence exhibited some species-
speciﬁc differences. For P66 of B. afzelii, B. garinii and B. recurrentis, the
voltage-dependent closure started at potentials of about ±40 mV and
the conductance decreased by approximately 30% at potentials of
±80 mV and higher. B. burgdorferi P66 started to show voltage-
dependent closure at potentials as high as ±60 mV reaching a
maximal conductance decrease of approximately 20%. This result
differs from the published data of Skare et al. [13], who noticed a
somewhat higher voltage-dependence starting at ±40 mV with a
higher maximum conductance decrease. From all P66 pores, the
voltage-dependence of the P66 homologue of B. duttonii was highest
because it started already at voltages as low as ±30 mV with a max-
imum conductance decrease of approximately 40%. Taken together it
is clear that all P66 homologues studied here showed voltage-gating
with a slight species-dependent speciﬁcity.
4. Discussion
4.1. All Borrelia species studied here contain P66 analogous proteins
Starting fromOMFs of the different Borrelia species P66 homologues
could be isolated and puriﬁed to homogeneity using chromatography
across a MonoQ-column. Pure proteins could be eluted in all cases fromthe column at a NaCl-concentration of about 190 mMusing a linear salt
gradient up to 1 M NaCl. Identiﬁcation of the 66-kDa protein bands as
P66homologueswas carriedout usingpolyclonal antiserumagainst P66
of B. burgdorferi. Surprisingly, no cross-reactivities with this antiserum
were detectable in the fractions derived from theOMFs of B. duttonii and
of B. recurrentis. Because the 66 kDa proteins isolated from these two
species formed the typical 9–11 nS channels described for P66 it seems
that the polyclonal antiserum raised against B. burgdorferi P66 did not
cross-react with the putative P66 homologues of these Borrelia species.
This could be explained by variations within the primary sequence of
B. burgdorferi P66 as compared with those of the two relapsing fever
species. Fig. 1 shows indeed that there are several identical amino acid
residues present in the sequences of the other Borrelia species which
differ fromB. duttoniiandB. recurrentis, suggesting that thesedifferences
at the amino acid level reduce the immunoreactivity of B. duttonii and
B. recurrentis P66 proteins relative to the other borrelial P66 proteins.
The P66 homologue of B. hermsiiwas clearly identiﬁed by SDS-PAGE
and Western blot (Fig. 2). However, B. hermsii P66 did not exhibit any
activity in the black lipid bilayer assay despite the high pore-forming
activity of the P66 homologues of all other tested species. This ﬁnding
was in agreement with single-channel experiments using whole
B. hermsiiOMF. Therewas absolutely no indication in these experiments
that channels could be formed with a single-channel conductance of
about 10 nS in 1 M KCl similar to the conductance of the other P66
species [7,20]. The highest single-channel conductance observed in
OMFs from B. hermsii was 7.2 nS [20], but its relation to P66 was not
shown. It seems to be possible that B. hermsii P66 is susceptible to
treatmentwithdetergents,which could destroy its pore-formingability.
Similarly, SDS destroys pore formation of all P66 homologues. Other
approaches using milder isolation conditions may be required to show
the functionality of P66 in B. hermsii.
4.2. The high interspecies homology of P66 indicated similar
functionality in LD and RF Borrelia species
The highly conserved domains within all P66 species studied here
(shaded in green in Fig. 1) play possibly key roles in the structure
of P66. They could be involved in the channel structure and may
be responsible for the formation of up to 20 andmore transmembrane
β-sheets as secondary structure prediction suggested (see Fig. 1). This
means that a putative β-barrel structure of P66 is very likely as it is
known from the 3D-structure of Gram-negative bacterial porins
[1,42–44]. Our model is in some contrast to a previously suggested
topology model of P66 based on proteinase K cleavage, antibody
reactivity of surface-exposed P66 regions and computational analyses
that predicted only two transmembrane domains. One of them exhib-
ited an α-helical structure, which is in strong contrast to the β-barrel
concept of P66 suggested here [12]. However, proteinase K cleavage
and antibody reactivity of extracellular domains do not exclude the
hypothesis of a β-barrel cylinder formed by P66 because enzymes
and antibodies could also have access to one of the putative surface-
exposed loops of P66 between two amphipathic transmembrane
β-strands. In any case, two α-helical transmembrane domains are
deﬁnitely not sufﬁcient to form a hollow cylinder in the outer mem-
brane with the dimensions sufﬁcient for the extremely high channel
conductance measured here and elsewhere [13].
4.3. The different Borrelia P66 homologues exhibit similar biophysical
properties in artiﬁcial membranes
Reconstitution experiments demonstrated that P66 from B. afzelii,
B. garinii, B. duttonii and B. recurrentis formed consistently well-
deﬁned channels with a single-channel conductance in 1 M KCl that
ranged between 9 and 11 nS similar to that obtained here and
previously for the pores formed by B. burgdorferi P66 [13]. The small
variations of single-channel conductance were probably due to minor
1203I. Bárcena-Uribarri et al. / Biochimica et Biophysica Acta 1798 (2010) 1197–1203species-speciﬁc differences of intrinsic pore properties which could be
caused by amino acid exchanges in the sequences as it is shown in
Fig. 1. In the histograms shown in Fig. 4 some pore-forming activity is
observed in the 3–6 nS range. This activity could be caused by some
damage of P66 due to the detergent solubilization required for
reconstitution experiments using the planar lipid bilayer assay. It
remains unclear, however, at this stage if the high single-channel
conductance is caused by a likewise big diameter of the P66 pore as
suggested previously [13].
To sumup, P66waspreviouslywell describedwithadual functionas a
porin and adhesin in B. burgdorferi [13–16]. Little or nothing was known
about the porin content in other Borrelia species. In this study we have
shown that P66 homologues are present not only in Lymedisease species
but also in relapsing fever ones. The pore forming activity of the P66
porins was observed for almost all species studied here with similar
biophysical characteristics. Therefore this study contributes to the
knowledgeon theoutermembrane functionof thesepathogenic bacteria.
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